The extensive characterization of the replicative human DNA ligase I (LigI) undertaken in the last decade demonstrated that the level of this protein strongly correlates with the rate of cell proliferation. This may allow to expand the repertoire of clinical biomarkers for the analysis of cell proliferation. We have produced a new monoclonal antibody (5H5) against LigI and exploited it as cell proliferation marker in Western blotting and immunofluorescence as well as in immunohistochemistry on paraffin tissue sections. The Western blot analysis showed that the LigI level detected by 5H5 antibody is high in all proliferating cells. On the contrary the protein is down regulated in resting human fibroblast and peripheral blood lymphocytes. Immunofluorescence analysis on cultured HeLa cells showed that 5H5 antibody labels all proliferating cells and displays the same staining pattern of BrdU in S-phase nuclei. Finally the analysis of serial sections of inflamed tonsils and NHL lymph nodes (either frozen or paraffin embedded) demonstrated that 5H5 marks the same population of cells as the Ki-67 antibody. Our results demonstrate that 5H5 antibody is a valuable tool for labeling proliferating cells that can be conveniently used in Western blotting, immunocytochemistry and immunohistochemistry.
©2005, European Journal of Histochemistry
The extensive characterization of the replicative human DNA ligase I (LigI) undertaken in the last decade demonstrated that the level of this protein strongly correlates with the rate of cell proliferation. This may allow to expand the repertoire of clinical biomarkers for the analysis of cell proliferation. We have produced a new monoclonal antibody (5H5) against LigI and exploited it as cell proliferation marker in Western blotting and immunofluorescence as well as in immunohistochemistry on paraffin tissue sections. The Western blot analysis showed that the LigI level detected by 5H5 antibody is high in all proliferating cells. On the contrary the protein is down regulated in resting human fibroblast and peripheral blood lymphocytes. Immunofluorescence analysis on cultured HeLa cells showed that 5H5 antibody labels all proliferating cells and displays the same staining pattern of BrdU in S-phase nuclei. Finally the analysis of serial sections of inflamed tonsils and NHL lymph nodes (either frozen or paraffin embedded) demonstrated that 5H5 marks the same population of cells as the Ki-67 antibody. Our results demonstrate that 5H5 antibody is a valuable tool for labeling proliferating cells that can be conveniently used in Western blotting, immunocytochemistry and immunohistochemistry.
T he analysis of the proliferative kinetics may have a relevant role in characterization of neoplastic disorders and pre-neoplastic lesions in human pathology (Alexandrakis et al., 2004; Broussard et al., 2004; Montecucco et al., 1987; Montecucco et al., 1986; Pich et al., 2004; van Diest et al., 2004) . So far, the most used biomarker of cell proliferation is Ki-67 (Abele et al., 1997; Brown and Gatter, 2002; Endl and Gerdes, 2000; Gerdes et al., 1984; Gerdes et al., 1983; Kreipe et al., 1993; Li et al., 2004) although some concerns have emerged from the fact that its function is still unknown. The Ki-67 protein is in some way connected with cell division, as high levels of staining were observed in proliferating tissues, however recent studies have shown that it may be involved in ribosome biosynthesis rather than in cell cycle regulation (MacCallum and Hall, 2000) . Furthermore the expression of Ki-67 antigen in cultured cells may be affected by some experimental condition independent of cell proliferation (Baisch and Gerdes, 1987) .Therefore additional markers of cell proliferation in neoplastic and pre-neoplastic lesions are desirable.
In eukaryotes, DNA replication occurs in a semidiscontinuous manner, with the lagging strand being synthesized as a series of discrete Okazaki fragments that are first processed and then ligated to form a continuous DNA strand (Kornberg and Baker, 1991) . Three distinct DNA ligases encoded by different genes have been identified in mammals (Martin and MacNeill, 2002) . Substantial genetic and biochemical evidences indicate that only DNA ligase I is involved in DNA replication being responsible for joining of Okazaki fragments at the replication fork (Timson et al., 2000) . Consistent with its role in DNA replication, DNA ligase I expression strongly correlates with the rate of cell proliferation. DNA ligase I activity raises up to 100 times in human lymphocytes upon PHA stimulation and both mRNA and protein level increase after serum stimulation of human and mouse primary fibroblasts (Montecucco et al., 1992; Pedrini et al., 1972) . On the other hand a strong decrease of DNA ligase I gene expression is produced by confluence, serum starvation and cell differentiation (Camarda et al., 2004; Montecucco et al., 1992) . In addition DNA ligase I expression is up-regulated during mouse liver-cell regeneration and in response to mitogenic stimuli (Gariboldi et al., 1995) . The distribution of DNA ligase I is highly regulated during the cell cycle and the protein is recruited to the subnuclear sites of ongoing DNA replication (replication factories) during S-phase . The enzyme is phosphorylated in a cell cycle-dependent manner and phosphorylation affects the association of the protein with the replication factories (Ferrari et al., 2003; Rossi et al., 1999) . Interestingly both phosphorylation and subnuclear distribution are regulated in response to etoposide, a topoisomerase II inhibitor which affects DNA replication and activates the apoptotic pathway (Montecucco et al., 2001; Rossi et al., 2002) .
The aim of the present study is to test the performance of a monoclonal anti-DNA ligase I antibody (5H5) as a marker of cell proliferation in immunofluorescence on cultured cells as well as in immunohistochemistry on paraffin tissue sections in comparison with the Ki-67 antibody.
Materials and Methods

Antibodies
5H5 monoclonal antibody was developed in collaboration with Areta Interantional by injecting mice with purified recombinant human DNA ligase I overexpressed in a baculovirus/insect cell system as previously described (Ferrari et al., 2003) . AntiKi-67 antigen (mouse monoclonal IgG1, clone Ki-S5) was from DakoCytomation (Glostrup, DK), mouse IgG1 isotype control was from RD Systems (Abingdon, UK) and anti-α-tubulin monoclonal antibody was from Sigma (St. Luois, Missouri, USA).
Cells
Cells were grown as monolayer in complete DMEM medium supplemented with 10% fetal calf serum, 4 mM glutamine and 50 µg/mL gentamicin. All reagents were from Sigma. Cells were grown at 37°C in a humidified atmosphere containing 5% CO2 and trypsinized when confluent.To obtain resting cells, confluent human primary fibroblasts were grown for 5 days in DMEM supplemented with 0.25% fetal calf serum as previously described (Montecucco et al., 1992) . Peripheral blood lymphocytes were obtained from healthy donors. Briefly, peripheral blood mononuclear cells (PBMCs) were obtained from 20 ml heparinized blood by Histopaque-1077 density gradient (Sigma) for 45 min and washed with PBS.The pellet was then resuspended in 10 mL of RPMI 1640 medium, supplemented with 5% fetal calf serum, 2 mM glutamine, 100 U/mL Penicillin-Streptomycin and cultured for 45 min at 37°in humidified atmosphere containing 5% CO2. Non-adherent cells were then centrifuged, washed with PBS and used for western blotting analysis.
The fraction of S-phase cells was determined by counting nuclei incorporating BrdU as described below. S-phase nuclei were 41.5% in exponentially growing fibroblasts while they dropped to 1.5% after serum starvation.
Western Blot analysis
For western blot analysis cells were harvested, washed with PBS, resuspended in 1× Laemmli sample buffer (Laemmli, 1970) at the concentration of 1×10 7 cells/mL and boiled for 10 minutes. Proteins were fractionated on SDS-PAGE and electroblotted to a nitrocellulose transfer membrane (Hybond ECl Nitrocellulose Membrane, Amersham Pharmacia Biotech, UK) with the use of the MiniProtean II (Bio-Rad). Membranes were blocked for 1h with 2% skim milk (Difco, Detroit, MI) in TBS buffer (20 mM Tris-HCl, pH 7.5, 137 mM NaCl) and probed with the primary antibodies diluted in TBS-T buffer (20 mM Tris-HCl, pH 7.5, 137 mM NaCl, and 0.1% Tween-20). Primary antibodies were revealed with horseradish peroxidase-conjugated goat anti-mouse and the enhanced chemiluminescence system (ECL, Amersham, Arlington Heights, IL).
Immunofluorescence microscopy
Asinchronous HeLa cells grown on coverslip were rinsed with cold PBS, fixed for 4 minutes in cold methanol and incubated for 1h at 37°C in a humid chamber with the primary antibodies diluted at working concentration (1:1000 for 5H5 and 1:50 for Ki-S5) in PBS containing 2% skim milk (Difco). Coverslips were then incubated with the TRITC-conjugated anti-mouse IgG (Jackson ImmunoResearch Lab, UK) secondary antibody for 30 minutes at 37°C. Nuclei were stained with 0.1 µg/mL 4',6-diamidino-2-phenylindole (DAPI; Sigma).To detect sites of DNA synthesis, cells were grown in 100 µM BrdU (Sigma) for 10 min immediately before methanol fixation and processed as previously described . BrdU was revealed with the Alexa Fluor 488-conjugated anti-BrdU mAb (clone PRB-1, Molecular Probes). Conventional epifluorescence microscopy was performed with an Optical Microscope Olympus IX71 equipped with a 63X objective connected to a digital camera Cool SNAPES Photometrics. Data acquisition was performed using the MetaMorph software (Universal Imaging Corporation). Confocal microscopy was performed with a Leica TCS SP2 confocal laser microscopy apparatus equipped with a 63×/NA=1.32 oil immersion objective. We used the 488-nm laser line for excitation of Alexa Fluor 488 (detected in a interval between 500-540 nm) and the 543-nm laser line for TRITC fluorescence (detected at >570 nm). Images were exported to Adobe Photoshop (Adobe, San Josè, CA).
Immunohistochemistry
Immunohistochemistry was performed using antigen retrieval technique on normal and neoplastic lymphoid tissue samples. Tonsil samples were obtained from patients undergoing tonsillectomy; lymphomas tissues were obtained from patients with non-Hodgkin lymphoma (NHL) undergoing biopsy for diagnostic purpose. Tissues were fixed in formalin and processed for paraffin embedding. Serial sections from paraffin-embedded tissue were cut 4-5 µm apart and were collected in glass silanized slides. Tissue sections were deparaffinized and rehydrated through graded ethanol solution. Once hydrated, sections were heated for 30 minutes at 96°C in Target Retrieval Solution (DakoCytomation); after 30 minutes of cooling, sections were washed in TBS and incubated for 10 minutes with Protein Block Serum Free (DakoCytomation). Incubation with primary antibodies was performed for 2 hours at room temperature. Primary antibodies used were anti-DNA ligase I 5H5, anti-Ki-67 antigen Ki-S5 and mouse IgG1 isotype as a negative control. Sections were then incubated with biotinylated rabbit anti-mouse immunoglobulins (DakoCytomation) (30 minutes) and, after washing with TBS, with streptavidin biotin complex-alkaline phosphatase (Dako-Cytomation) (30 minutes). Sections were then developed using New Fuchsin substrate Kit (DakoCytomation), counterstained with Meyer's Hematoxylin (Sigma) and mounted with Aquamount mounting medium (BDH, Switzerland). Sections were then analyzed and photographed using an Optical Microscope Olympus BX51 connected to a digital camera Olympus C-3030, data acquisition was performed using Camedia Master 2.0 software.
Labeling Index
The labeling index with either Ki-67 or 5H5 antibodies was assessed at 40× magnification on paraffin embedded samples of NHL lymph nodes. 1500 cells from three different fields were analyized for each tissue section stained with Ki-67. Counting was performed on the same fields on serial sections stained with 5H5. The results obtained were compared by Student's t-test.
Results
In HeLa cells extract the monoclonal antibody from 5H5 clone recognized a single protein corresponding to DNA ligase I.The specificity of binding was also confirmed by the fact that recognition of the epitope in western blotting was entirely competed by an excess of recombinant DNA ligase I (not shown). Western blot analysis of total cell extract from different human proliferating cell lines and from resting fibroblasts and peripheral blood lymphocytes was performed. As shown in Figure 1 the protein level is high in all proliferating cells with a pick of expression in the Burkitt's lymphoma cells (panel A, lane 5) that were those with the highest proliferation rate. On the contrary the protein is undetectable in serum-starved human fibroblast ( Figure 1A , lane 4) and in peripheral blood lymphocytes ( Figure 1B, lane 2) .
By immunofluorescence technique we tested the ability of 5H5 antibody to detect the distribution of DNA ligase I in the different phases of the cell cycle and to label S-phase cells in a population of exponentially growing HeLa cells. As shown in Figure  2A replication factories are clearly detectable in HeLa cells stained with 5H5 antibody (arrowhead) and colocalizes with sites of BrdU incorporation, allowing discriminating S-phase nuclei among proliferating interphase cells based on the immunofluorescence pattern. Exponentially growing cells were also stained with anti-Ki-67 antibody. As shown in Figure 2B , Ki-67 antibody was not able to discriminate S-phase cells from other interphase cells since it decorates mainly the heterochromatic regions stained by DAPI.
The performance of 5H5 anti-LigI antibody in the immunohistological detection of proliferating cells was challenged in both paraffin-embedded and frozen tissue sections. Figure 3 shows the analysis of serial sections of paraffin-embedded tonsils with the anti-DNA ligase I (a) and with the anti-Ki-67 (b).The staining pattern was similar indicating that cells labeled with these antibodies belong to the same population. Similar findings were observed on frozen tissue sections (not shown). The same result was obtained comparing the staining pattern of 5H5 and anti-Ki-67 antibodies on lymph node sections from 3 patients with NHL (Figure 3 c to f) . Also in these last sections the percentage of positive cells with Ki-67 was almost identical to that obtained with 5H5 antibody (Table 1) .
Discussion
The extensive characterization of the replicative human DNA ligase I undertaken in the last decade demonstrated that the level of the protein strongly correlates with the rate of cell proliferation (Montecucco et al., 1992; 1995; Timson et al., 2000) . Therefore we have investigated the possibility to use a new anti-DNA ligase I antibody (5H5) to detect proliferating cells. By immunofluorescence studies on exponentially growing HeLa cells we have found that 5H5 antibody labels all proliferating cells as Ki-67, and also allows to identify S-phase cells as the immunolabeling distribution fully resembles BrdU incorporation. In fact, in S-phase nuclei DNA replication takes place in dynamic functional compartments referred to as replication factories where replicative factors and newly synthesized DNA accumulate (Hozak et al., 1993) . DNA ligase I is recruited to replication factories via a specific interaction with proliferating cell nuclear antigen and colocalizes with sites of BrdU incorporation throughout Sphase (Montecucco et al., 1998) showing a characteristic punctate pattern of staining. On the contrary in G1 and G2 phases the protein is homogeneously distributed throughout the nucleoplasm and in mitosis it dissociates from chromatin and spreads in the whole cell body .
Formalin-fixed paraffin-embedded tissues are widely used in clinical pathology for in situ analysis of the rate of cell proliferation as this technique allows preservation of the morphology and the possibility of maintaining the specimens for a long time.Therefore we compared the ability of 5H5 and anti-Ki-67 antibodies to selectively label proliferating cell on serial sections from lymphoid tissues. Our results demonstrate that the two antibodies mark the same population of cells either in inflamed tonsils or in NHL lymph nodes. This indicates that 5H5 antibody can be conveniently used for in situ immunohistological techniques on paraffin tissue sections to detect proliferating cells. In some instances, distinct nuclear speckles could be found in formalin embedded samples stained with 5H5 (see Figure 3 e, inset), however a clear cut differentiation of S-phase cells from other proliferating cells does not appear feasible in this setting.
In conclusion since the human antigen recognized by 5H5 clone, i.e. DNA ligase I, has a well-known function and has been extensively characterized, the indexes obtained with this antibody can be specifically related to the proliferative activity of analyzed cells. Accordingly, we believe that 5H5 monoclonal antibody is a promising tool for labeling proliferating cells in cell research as well as in clinical pathology as it can be conveniently used in western blotting, immunocytochemistry and immunohistochemistry.
